I N SKELETAL MUSCLE, work performed at a given initial muscle length is a function of the load the muscle moves (1-4). The load which is encountered only when the muscle attempts to shorten is termed an afterload. Similarly, in isolated heart muscle preparations, power (5, 6) and work (5-7) at any given initial muscle length are functions of the afterload against which the muscle is shortening.
Thus, the performance of cardiac muscle for a given state of contractility depends on two physical factors: I) its length prior to the initiation of contraction (established by a preload) and 2) its loading conditions during contraction, i.e., its afterload (5, 6 Institute.
former factor (preload) forms the basis of the FrankStarling principle. It is to the latter factor (afterload) that the present study is addressed.
As an approximation, the intact heart may also be considered to be operating under afterloaded conditions (8- and AL decreased progressively as monotonic functions (5). Work (P X AL), however, started at zero when the load was zero, and then increased with increasing load, reaching a maximum at a load which approximated 40 % of the maximum force the muscle could develop, that is, the isometric force. This is seen in Fig. 3 In the right panel of Fig. 3 the relation between initial muscle length (established by preload) and work is shown at different afterloads. The curves were obtained from the data on the left, indicating the work performed at three different loads. It is apparent that at any one afterload, increasing the muscle length increased work performed.
However, as the afterload was increased a new curve was established showing an increased work at any given muscle length which was dependent on increasing the afterload alone. Thus, in the presence of a constant state of contractility (constant inotropic background), work performance depends on the afterloading of the muscle as well as its initial length.
Work and arterial pressure in intact cat heart. In order to investigate the importance of arterial pressure in determining the work of the intact heart, left ventricular stroke work was evaluated as a function of left ventricular end-diastolic pressure (LVEDP) in ten preparations. LVEDP has been shown to be a good approximation of initial muscle segment length in the intact, functioning canine ventricle (I 2). In Fig. 4 , left panel, left ventricular stroke work was measured as a function of increasing LVEDP at four different constant mean aortic pressures. It is evident that the stroke work at any LVEDP was very much dependent upon the aortic pressure (BP). This fact is further illustrated in the right panel of Fig.  4 , where stroke work is plotted as a function of BP for four different LVEDP's. This latter derived plot is to be compared with the plot of data from isolated cardiac muscle (Fig. 3, left panel) . One may note the similarity of plotting work against preload for the papillary muscle, and plotting stroke work against LVED for the intact heart. Thus, work performed at any given initial muscle length, or LVEDP, is highly dependent upon the afterload, or aortic pressure, in both the isolated cardiac muscle and the intact heart preparations.
In Fig. 5 . Here the contractility of the myocardium was enhanced by a constant infusion of NE at a relatively high rate (5 pg/min).
As before, increasing the BP increased the stroke work at any given LVEDP. Therefore, in the presence of an improved state of contractility the work of the ventricle is still largely determined by the aortic pressure at any given ventricular size.
Over wide "physiological" aortic pressure (BP) ranges, stroke volume is very little affected by changes in aortic pressure. This is illustrated in Fig. 6 , right panel, where over the range of mm Hg mean aortic pressure stroke volume was independent of the BP. If, however, the BP was either raised beyond a certain level, generally more than 150 mm Hg, or reduced below approximately 50 mm Hg, a decrease in stroke volume at any LVED was usually observed. The former case may reflect the capacity limits of the ventricle while the latter may reflect some degree of relative coronary insufficiency. The natural consequence of the maintenance of stroke volume at any LVEDP, despite changes in BP, is that stroke work will be primarily a function of the mean aortic pressure. This is illustrated in Fig. 6 , left panel. Although as the general rule, the stroke volume was relatively independent of the blood pressure, this was not invariably so. In the depressed or ' 'failing' ' heart, stroke volume at any given LVEDP was found to decrease somewhat with progressive increments of aortic pressure.
Blood pressure, work, and changing contractility. In Fig. 7 , left panel, left ventricular stroke work was studied at two different, but constant aortic pressures. At each pressure, an infusion of NE (I o pg/min) was begun and maintained.
It is noted that following the initial curve (BP 75 mm Hg), NE at the same aortic pressure increased the stroke work for any given LVEDP.
On the other hand, in the absence of NE, an increase in BP from 75 to 125 mm Hg likewise increased the stroke work at any given LVEDP to the same extent as the addition of NE. Moreover, increasing the BP, in addition to adding NE, augmented stroke work further than either intervention alone. This depends on two findings illustrated in the right panel of Fig. 7 . The first is that stroke volume was essentially independent of the BP for any given inotropic state of the ventricle. The second is that the increase in the inotropic state of the ventricle induced by the NE infusion was characterized by an increase in the stroke volume at any given LVED. Hence, it is evident that stroke work is determined by both the inotropic background and the aortic pressure (afterload). Further, these two factors are additive, as shown on the left in Fig. 7 .
In Fig. 8 , a control curve relating left ventricular stroke work to LVEDP is shown at a constant BP of I 25 mm Hg. During a NE infusion (IO pg/min), the curve shifted to the left, indicating an increase in stroke work at any LVEDP.
However, when the BP was then decreased to 60 mm Hg while continuing NE administration, the stroke work at any LVEDP fell below the control.
This occurred despite the enhanced contractility maintained by the NE infusion. Insight into the principles underlying observations in Fig. 8 may be provided from the papillary muscle. In Fig. g , the effects of NE on the work of the papillary muscle are illustrated. With initial muscle length constant, work was altered by increasing afterload. When NE was added, work performed at any one afterload was increased. Further, the maximal work achievable was also increased, but for this to be performed an increase in afterload was On the left, stroke work is given as a function of LVEDP at three different mean aortic blood pressures. On the right, stroke volume is given as a function of LVEDP for the three curves given on the left. It is noted that stroke volume, over this range of blood pressure, is independent of blood pressure.
also required. Thus in Fig. g , when the muscle was operating at the apex of its control curve (first solid arrow), NE produced a substantial increment in work (dashed arrow A). If the afterload was then increased, so as to allow the muscle to operate at the apex of the NE curve (second solid arrow), the work increment brought about by NE was doubled (dashed arrow B). One may also note that if the afterload had been decreased following the addition of NE, a decrease in performed work could have been observed despite the enhanced contractility.
DISCUSSION
In isolated heart muscle, it has been shown that the contractility or inotropic state of cardiac muscle is described by its force velocity relations (5, 6, I 3). Although the performance limits of the muscle are set by this relation, the work that is actually performed depends on the afterloading of the muscle (6) . In the present study, support has been found for the view that the work of the intact heart is determined by the blood pressure at any given ventricular end-diastolic pressure and inotropic state. Aortic pressure has been identified with the afterload of the left ventricle. Of course, intramyocardial force does not equal intraventricular pressure, but is a function of it in accordance with ventricular volume (I 4, I 5). The dependence of ventricular work on aortic pressure has previously been noted. Peserico (g), using the ,frog heart, observed that work was increased as a function of ventricular outflow resistance at any given ventricular volume. This relation was further emphasized by Stella (IO) and related to oxygen consumption.
Considerations of aortic blood pressure in determining ventricular work have also been stressed by Katz (I I), Stainsby et al. (16) (20) and Fry et al. (2 I) in the dog heart. Thus, in regard to velocity of muscle shortening, the intact heart utilizes the afterloading principle of isolated cardiac muscle. It has been suggested that blood pressure elevation may increase the intrinsic contractility of the myocardium.
Anrep (22) first noted that when arterial resistance was augmented, an initial diminution of stroke volume and dilatation of the heart was followed by a partial return of heart size with a restoration (27, 28) . Further, the BP range which can be studied provides for only a small change in the true loading conditions of the myocardium when considered in terms of intramyocardial force (I 5). The actual change in afterload induced by a large change in aortic pressure may thus be relatively small. Hence the change in the extent of muscle shortening for a given load change would not be greatly altered.
Further evidence suggesting that the increase in stroke work at any one LVEDP with an increase in aortic pressure is not necessarily dependent on an increase in intrinsic contractility is provided by the experiments performed during large continuous infusions of norepinephrine (Fig. 8) . Here it would be necessary to assume that the pressure rise was affecting the contractility of the myocardium over and above that resulting from NE. This seems unlikely.
Moreover at a given LVEDP. This was never observed with increasing BP alone. The present study does not purport to show that a change in intrinsic contractility of the myocardium does not occur when aortic resistance is increased, but only to point out that an increase in contractility is unnecessary to explain observed increments in performed work. As illustrated in Fig. 7 
